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The Role of Fracture Mechanics in Rational Rules for Concrete Design
Le role de la mécanique de la rupture dans le projet de structures en béton
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SUMMARY

Typical features in concrete design are amongst others the apparent flexural strength and the size
dependence displayed by the strength of pipes and by the bending shear capacity and punching
shear capacity of beams and slabs. A sound explanation is found in the fundamentals of fracture
mechanics for concrete. It is shown that concrete behaves like an elastic material prone to
softening, which makes the application of nonlinear fracture mechanics appropriate. Limits of
application are stated and further activities are encouraged with the view to making design rules
more rational and to ensuring public safety.

RESUME

Lors du projet de constructions en béton, certains indices spéciaux apparaissent, tels que la
résistance a la traction par flexion, qui est plus élevée que la résistance a la traction pure,
I'influence des dimensions absolues sur la résistance aux efforts tranchants et au poingconnement
de poutres et de dalles, ou encore la résistance de tuyaux non armés. La mécanique de la rupture
est en mesure d'expliquer ce comportement du béton. Le béton se comporte comme un
matériau élastique se désagrégeant, et ceci permet |'application de la mécanique de la rupture
non-linéaire. Les limites d’application sont précisées. De nouveaux travaux de recherche sont
proposés, afin de justifier par la théorie des régles de conception et de calcul et ainsi d’améliorer
la sécurité des constructions.

ZUSAMMENFASSUNG

Bei der Berechnung von Betonkonstruktionen stésst man auf einige Besonderheiten, wie z.B. die
Biegezugfestigkeit, die hoher ist als die zentrische Zugfestigkeit, den Einfluss der absoluten
Abmessungen auf die Schub- und Durchstanzfestigkeit von Balken und Platten oder die Tragfahig-
keit von unbewehrten Betonrohren. Eine schlissige Erklarung kann die Bruchmechanik liefern. Es
wird gezeigt, dass sich Beton wie ein elastisches Material mit Entfestigung verhalt, wodurch die
Anwendung der nicht-linearen Bruchmechanik gerechtfertigt erscheint. Die Grenzen der Anwend-
barkeit werden aufgezeigt. Weitere Forschungsarbeiten werden angeregt, um die Entwurfs- und
Berechnungsvorschriften durch Theorie besser zu stutzen und die Sicherheit der Bauwerke zu
gewahrleisten.
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1. INTRODUCTION

Fracture mechanics is a child of this century. It started in the second decade
of this century on a theoretical basis and was used to explain results of frac-
ture experiments on brittle materials. It remained a scientific tool until
catastrophic accidents occurred to ships and storage tanks in the forties,
which could not be explained by the usual strength approach. The failures were
due to unstable crack propagation in an obviously brittle material. On the
other hand, the material was structural steel which complied with the require-
ments of the standards. Another explanation, namely, that failure could have
been caused by fatigue, had to be rejected. The continuing dilemma between
theory and the unexplained phenomena encountered in actual practice affected
the confidence in safety analysis.

It was then that the theory of fracture mechanics acquired major significance,
as it was able to explain brittle failure and to show the governing parameters.
Nowadays fracture mechanics is an accepted tool in the safety assessment of air-
craft, ships, pressure vessels , pipelines and welded offshore steel structures.

Contrary to metal, concrete made the acquaintance of fracture mechanics only in
the sixties and even today there is considerable discussion about the usefulness
of this approach. This was to be expected, since concrete is well suited to
resist compressive forces, whereas the steel reinforcement resists the tensile
forces. Fracture mechanics, however, deals mostly with tensile loading. So the
loading cases of reinforced and/or prestressed concrete structures where tensile
failure occures are of interest, such as bending and punching shear failure.
Also, shrinkage and thermal stresses can be covered. Of course, tensile failure
of plain concrete is likewise included.

When concrete is considered on a "micro" scale, there are tensile stresses and
cracks everywhere due to the heterogeneity of the material. However, this is

not the field of a practising engineer, but rather that of the materials scien-
tist. On this level, there is a rapid increase in basic understanding of failure
mechanisms. An intermediate field is the analysis of concrete structures by
means of finite element analysis in which fracture mechanics and strength of
materials approaches are combined.

This paper will describe some general fundamental aspects of fracture mechanics,
the specific aspects of concrete and finally the application to concrete struc-
tures. If the reader does not want to spend much time on theory, he is advised
to skip Section 2 and to concentrate on the applications in Section 3.

2. MODELLING OF CONCRETE AND FRACTURE MECHANICS
2.1 Model based on strength

Design codes treat concrete as an isotropic, homogeneous material which behaves
in a linear elastic manner until the maximum stress. Under maximum compressive
stress the material begins to yield. When a certain allowable strain is reached,
the material fails in crushing. Under tensile stresses concrete is modelled
also as behaving in the linear elastic mode until maximum tensile stress is
reached; thereafter it cracks immediately with no further strain. Fig. 1 shows
a graph from the CEB-FIP Model Code [1]. The compressive strength is fo, the
tensile strength fi. The modulus of elasticity E. is the same in compression
and tension, €, is the maximum allowable strain. This means that concrete is
described as an elastic brittle material in tension and as an elastic plastic
(to some extent) material in compression. Thus the failure load is calculated
as the strength determined from uniaxial loading experiments multiplied by the
appropriate cross-section.
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Fig. 1 Stress strain diagram of concrete

2.2 Linear elastic fracture mechanics

It is well known that cracks occur in concrete long before the ultimate load is
reached. But in the usual strength of materials approach this fact is not con-
sidered. On the contrary, fracture mechanics starts always from the presence of
a crack. Since a crack is a discontinuity in the material, stress and strain
will deviate from a smooth pattern. Criteria other than an average stress com-
pared to strength have to be found in order to judge these local effects. Two
methods are mostly used: the energy balance and the stress intensity factor.

Using the first, Griffith [2] considered a crack of length 2a in a plate under
tensile stress 0, (Fig. 2). The total energy U of the cracked plate may be
written as

U=U +U_+U -W (1)
o a Y
where Uy, is the elastic energy of the loaded uncracked plate (which is constant),
U, is the change in elastic energy due to the crack, U  is the suface energy
caused by the formation of new crack surfaces and W is the work done by exter-
nal forces. For the case of fixed grip condition W is zero. Equilibrium is
possible as long as the total energy increases during crack extension. Unstable
crack extension starts when U decreases. The point of instability is given by
du/da = 0. With Uy = moZ a’/E [3] and U_ = 2(2ay) this condition can be written
as Y
4 o2 a2
a;'(Uo +

+ day - W) =0 (2)

E is Young's modulus and y the specific surface energy. Since UO is constant
and W = 0, the condition becomes

co/£=/3-ﬁ—Y (3)

The left-hand side is the product between remote stress 0, and square root of
crack half length, i.e. a mechanical and a geometrical term, whereas the right-
hand side is a linear elastic material property. In order to use this relation
for practical application, the surface energy y has to be known and, according
to the theory, an ideally sharp crack has to be present there. On the other
hand, if only two similar loading conditions and geometries have to be compared
for the same material, eq. (3) states that the stress o, is inversely proportio-
nal to the square root of the absolute magnitude of the crack length. The
strengh approach would not have predicted an influence of size (crack length)
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on 0 _.
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Difficulties in knowing what values to adopt for Y and Uy in practical situ-
ations were overcome by Irwin [4], who showed that the stresses in the vicinity
of a crack tip, Fig. 3, have the form

K
Gij_72Tr- fij (0) ¥ cisioes (4)

where i, j refer to the cartesian coordinates and r, 0 are the polar coordinates;
fij is a trigonometric function; K determines the magnitude of the elastic
stresses and is called the stress intensity factor. It is given by

K = oo YTa . g (geometry) (5)

where g is a function which depends on the geometry of the specimen or struc-
ture and on the crack configuration. The local stress increases with increasing
stress Og until a critical value O, is reached which leads to

Kc = UcVna. g (geometry) (6)
Kc is called the critical stress intensity factor and is a material property.

When K. and g (geom) are known, a fracture criterion is established for a
certain crack size a.

RN :

22 y
BERRLE .
Fig. 2 Griffith crack _Fig. 3 Stresses near crack tips

On comparing eq. (3) with eq. (6) there is found to be a close relationship.
For the centrally cracked plate g (geom) is unity and therefore

K, =V 2EY (7)

The term dU,/da in eq. (2) is called the energy release rate G; in the critical
state this rate G, is equal to 2y, which is called the crack resistance R. This
leads finally to

K =V EG (8)
c c

Eg. (8) is a relation between a stress intensity factor and a material property.
In practice K, is determined on standard specimens with cracks. On the other
hand, a wide range of stress intensity factors is available for all types of
geometries and loading conditions, such as normal forces, bending moments, im-
pact loading, thermal loading. The design engineer only has to take the appro-
priate K and to compare it with the material K., which will give him the allow-
able stress for a given crack length or an allowable crack length for a given
loading stress, Fig. 4.
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Fig. 4 Stress vs. crack length for various Kc

2.3 Nonlinear fracture mechanics

Linear elastic fracture mechanics seems very simple, and application is straight-
forward. The question is, however, whether the material behaves as assumed,
namely, in a linear elastic manner. For this reason a uniaxial tensile test on

a concrete specimen will be considered, Fig. 5. When the loading starts from
zero, a linear relation between stress and total elongation § is obtained up to

ft

% g bu % 6,

Fig. 5 Tensile specimen and stress extension curves

\
\

\\
/////”fk<:2=~§4<;________
G
|
|
E?ggkgéé//éég
bo

Fig. 6 Stress distribution in a fictitious crack
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about 60% of the maximum stress. Then the 0-8-line curve reaches the maximum

and drops to zero. The total elongation can be split up into two parts: an e-
lastic part Gel: which is the recoverable elastic elongation of the whole speci-
men, and a crack opening displacement 8.y, which is attributed to a small
region C (the irrecoverable elongation of region B is neglected for the sake of
simplicity). The behaviour of concrete can be characterised by a modulus of
elasticity for the ascending branch and a softening during crack extension. In
any case this behaviour is not a linear elastic one and not a plastic one either.

When the softening behaviour is applied to a real crack, no higher stresses can
occur than the tensile strength fi. Beyond that point the stress decreases with
increasing crack opening. When the crack opening has become 60, the stress
vanishes. Hillerborg [5] calls this zone a fictitious crack, Fig. 6. In the
fictitious crack the fracture energy is called Gp, which represents the area
under the 0-8-curve in Fig. 5. One can easily imagine that the influence of a
fictitious crack on the overall behaviour of a structural element is large when
the element is small and that the influence diminishes when the element is large.
Hillerborg defines a characteristic length

2
lCh = EGF/ft (9)
In case of pure bending he has shown that vV EGp approaches K. if the depth of
the (unreinforced) beam is about 20 times l.,, or, in other words, for these
dimensions linear elastic fracture mechanics is appropriate. To give some idea
of real dimensions, lgh is of the order of 0.25 to 0.40 m. This example already
shows that the usual civil structures are too small for linear elastic fracture
mechanics.

The assumption of a discrete crack in concrete is a schematization which is

only partly supported by visual observation. What mostly happens in front of a
visible crack is that microcracks develop around the aggregate particles and
within the hardened cement paste. With further loading, some microcracks co-
alesce and finally form a visible crack while others are unloaded and disappear.
A whole region around the visible crack has been stretched and has consumed
energy. This observation led Bazant [6] to the assumption of a blunt crack and
the model of the crack band. With the aid of this model he derived analytical
expressions for the size effect on the bearing capacity of structures. It starts
from two statements: the total potential energy release U, caused by fracture

is a function of both

- the length, a, of the fracture zone;

- the width of the cracked zone, ndaa.

U, can be a general function of a and nd,a, where d, is the size of the maximum
aggregate particle used and n is a constant. Fig. 7 shows two examples of loading
where the crack band is marked by the area 1234. The energy which is released
within this area during fracture gives the term of second statement. The areas 136
and 245 are the uncracked zones which release energy into the fracture front of
the crack with length a. In order to generalise the theory, energy is expressed
in terms of nondimensional functions. This can be done with

- _ 2
o, = a/d and 32 ndaa/d (10)

where d is the main dimension of the element. The energy can be expressed in
the general form as

1 F,2 2
U = —_— —

5 2Ec (bd) bd f(al,az,ﬁi) (11)
The function f depends on the actual geometrical shape and boundary conditions
of the structural element, but not on the size d. E; is the modulus of elasti-
city of concrete, £, are geometrical parameters, and b is the width. Instabili-
ty occurs when

i
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T (12)

which is formally the same as eq. (2) with the difference that Gp represents
the total fracture energy instead of the elastic part only. Since Ei is constant
for similar structures, egs. (12) and (11) yield

f1 E.nda ;2

F
T ... = (13)
( a "’ a2 ) 2bEc GE‘b

where £, and f2 are partial derivatives of f with respect to oy and &,, respec-
tively.

F
TREE KRR _
%//266////// /;
== /]ndo 2 C Z 7
//\\\ W 2

5 a «\””5?,,§§§§j § G

/3011' A .//f\\§ M ;-'-J'/)é/ \\S\\

P l RER 5 3 4 6

F

Fig. 7 Crack band; two examples

With the idealised stress-strain relation of Fig. 8 and the crack band widthnda
in which energy is consumed in a uniaxial tensile experiment GF becomes

E f£2

G.=nd (1 --S)—t (14)
F a E 2E
t (o]

(Ey has a negative sign). With the ultimate force F = oubd and d = Xda a re-
lation for the maximum stress (strength) 0, as a function of the scale
factor A is obtained:

—%
= . 1
Gu B(1 + X/AO) ft (15)
where B = (1 - Ec/Et)%/fZ and Ay = nf2/f1. The exact solution of f4 and f, is
difficult. However, it is easy to compare the ultimate stress of two similar
structures of different size:

=
Ou/ft ~ (1 + A/Ao) (16)

Eq. (16) comprises the linear fracture mechanics and the strength approach as
limiting cases. In linear fracture mechanics the whole energy is consumed in
the crack propagation, which means f, = 0. Eq. (13) leads then to 0, ~{d) =%,
Contrary to that means strength that the crack band consumes all the energy
and therefore f; = 0. From eq. (13) follows 0, ~ fi. This can be illustrated
by eg. (16) in terms of absolute size: if the structure is very large with
respect to maximum aggregate size, dak becomes large compared to AO and 1 may
be neglected; if the size is small, the 1 in eq. (16) predominates and X/XO may
be neglected.
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Fig. 8 Crack band and concrete schematization

The result of this theoretical digression is given in Fig. 9, where the nominal
stress at failure 0, is plotted versus the logarithm of the size. Strength as
the yield criterion is the upper bound for small sizes, whereas linear fracture
mechanics is the lower bound for large sizes. The transition follows nonlinear
fracture mechanics of the crack band model. A quantitative example will be
given in Chapter 3.2.

Gy

linear elastic

/ fracture mechanics

f \\ strength or yield criterion
t ~
~

nonlinear
fracture mechanics

log(size)

Fig. 9 Size effect according to various theories.

3. APPLICATION OF FRACTURE MECHANICS TO CONCRETE STRUCTURES

3.1 Plain concrete

A few cases will be examined where unreinforced members or elements have to be
designed against tensile failure: a beam (or slab) under bending moments, a
pipe under a concentrated load, a slab or beam with bending and shrinkage or
thermal stresses.

It is well known that the flexural strength of concrete is larger than the uni-
axial strength. In an imprecise way this difference has been attributed to the
strain gradient. However, if concrete were en elastic brittle material there
would not be a positive influence on loading capacity, because the beam would
fail as soon as the extreme fibre reached the uniaxial tensile strength.
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A positive effect is possible only if the material behaves in a ductile manner
and starts to yield or if there is strain softening and no immediate reversion
to zero stress. Gustafsson and Hillerborg [10] used their fictitious crack model
to study the flexural strength of a beam with rectangular cross-section, for
which they used two schematizations of the actual concrete tensile behaviour
which are shown in Fig. 10. The stress-crack opening line consists of a linear
elastic loading branch and a linear softening branch (SL) or a bi-linear
softening branch (C).

G G G
ft fi fi
5L # C
3
ft £ 2Gg 1§} 08Gr 36Ge &
E ft fi fi

Fig. 10 Two examples of concrete modelling

It is essential that the area under the lines is equal to Gp of an actual test.
The other quantities are the tensile strength ft, Young's modulus E and the
characteristic length 1. = EGF/f%. The result of a finite element analysis is
given in Fig. 11, where ff denotes the apparent strength of the beam. There

are two extreme cases: the plastic hinge with f¢ / fr = 3 and elastic brittle
behaviour with ff/ft = 1. Real concrete with softening shows a high flexural
strength at small dimensions and approaches the tensile strength with large di-
mensions. Ordinary concrete with lgp = 0.3 m would then have a flexural strength
in testing equal to about 1.5 times the uniaxial strength, which agrees with
general experience.

fe / fy

gL plastic | _ ____i_________
Id MEC—OWM fi=M,/Ibd76)

z N (sL)

(C)

1 | elastic brittle|

d/leh

Fig. 11 Flexural strength of concrete as function of the size

A beam which is subject to initial eigenstresses and is loaded in bending

will show a smaller flexural strength. The eigenstresses may be due to differen-
tial shrinkage or cooling. In the following example it is assumed that the
largest eigenstress is equal to the uniaxial tensile strength. In Fig. 12 the
ordinate is again the apparent strength, and the abscissa the size. It can be
seen that the influence of the eigenstresses is slight for small beams, whereas
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it is considerable for large dimensions. In both examples (with and without
eigenstresses), the crack sooner reaches the stress-free width according as the
beam is larger, which means that the apparent failure stress is smaller.

fe /1
3.0t |

of MCCOM ty=m,/ibd6)

N 4
§ G2 C,
NN
\\\\ Gi/fy=1

d

20

Fig. 12 Flexural strength with simultaneous shrinkage stresses

Another example relates to a slab or beam with a crack in the tensile bending
zone. Such a crack can be caused by shrinkage or thermal stresses the depth of
which can be calculated by fracture mechanics also [ 11,24]. It is expectad that
the residual strength depends also on the absolute size. Fig. 13 gives the
result in terms of apparent strength versus relative ligament size. It shows
how the strength decreases with absolute size. It is interesting to note that
linear fracture mechanics predicts too high a strength. On the other hand, the
assumption of a constant flexural strength of 1.5 times the tensile strength
would overestimate the load capacity of the cracked beam for most practical di-
mensions.

Gustafsson and Hillerborg [10] have also analysed unreinforced pipes. By means
of the fictitious crack model they calculated the failure load F; and inserted
this lcad into the linear elastic formula, which is given in Fig. 14, to obtain
an apparent crushing strength f.,. It can be seen that f., is strongly depen-
dent on the size of the pipe and to some extent also on the wall thickness.

Lakll

_ _plOS{iC

Fig. 13 Flexural strength of a cracked beam
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Failure in a two-point bending configuration is less sensitive to size, as is
apparent from Fig. 15. This means that a real pipe has different safety against
crushing and bending, although elastic theory would have predicted the same
safety for both. As stated by [10], Fig. 14 and 15 are used by the Swedish in-
dustry as design graphs, and they agree well with practical experience.

If
Lot
Fil
03 t S—
312‘\\ l.d" fil i
3.0 Fil 30 * T T
ki SH— t
o R — 1O Fk
’ ) fr =My /W
2.0 206?= W25 G2 1-(du/dH |
02
td = 0.1
0. o1
10 03 10 €92 -
dl/l dl/l
° Mo 10 100 - 0 o 10 10 _
S BT 00 3aon NG N
100 400 1600 =380, 100 400 1600  =380mm
Fig. 14 Crushing strength of pipe Fig. 15 Bending strength of pipe as
as function of size function of size

The examples derive from finite element analysis. The fictitious crack model
cannot provide analytical expressions which could be used in a design formula.
This may be deplored, but on the other hand if normalized plots are available
for frequent loading configurations and geometries, design will present no
difficulties.

When the governing dimensions are large, of the order of lo times the charac-
teristic length, linear fracture mechanics can be applied. As has already been
mentioned, there are numerous solutions available of the stress intensity fac-
tor [12] in an analytical form. The designer has to compare the critical stress
intensity factor of his material with the appropriate stress intensity factor
of the structural element which gives him an allowable stress or an acceptable
crack length. The shear capacity of joints between precast concrete elements
has been analysed in this way [18]. There are often two difficulties: first,
critical stress intensity factors are usually not available and, second, the
crack length is sometimes not detectable. Average values of K. of concrete are
of the order of 0.45 to 1.40 MNm~ /2 which is a rough input for an approximate
analysis [13]. Since dimensions are mostly smaller than allowed for linear frac-
ture mechanics, research concentrates more on nonlinear fracture mechanics
using Gp [5,6] or other analytical models [14,15].

3.2 Reinforced concrete

Brittle fracture of reinforced concrete should be avoided. As far as pure bending
is concerned, reinforcement is so designed that yielding of steel determines the
bearing capacity. In that case bending cracks occur in concrete, but the ten-
sile force is resisted by the reinforcement. The cracks are arrested in the com-
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pression zone of the element. The tensile strength of concrete is usually ne-
glected since its contribution is indeed very small. Fracture mechanics does
not seem to be the right method for the analysis of elements in pure bending
[17]. One could try to apply fracture mechanics to the reinforcement (also pre-
stressing steel), but it turns out that steel is very ductile and the dimensions
of the bars or wires are small, which makes fracture mechanics inappropriate.

In connection with stress corrosion, cracking fracture mechanics has been used
for the assessment of safety [ 18] of corroded wires, but such applications are
no part of the normal task of a practising engineer.

In the case of bending shear and punching shear the tensile strength largely
determines the stability. Especially in the case of diagonal tension failure
of beams which are not reinforced against shear, fracture mechanics is likely
to be an appropriate tool. So it is not surprising that bending shear was the
first loading case analysed by fracture mechanics. Hawkins et al. [19] used
the Griffith energy concept and derived a thereotical relation between the ul-
timate shear stress, the shear span, the longitudinal reinforcement ratio, the
strength of the concrete and the size of the beam. It emerged that the ultimate
shear strength of simular beams was inversely proportional to the fourth root
of depth times width, (bh)‘&. This would mean that the deeper the beam, the
lower the ultimate shear stress, which has been confirmed by experiments. It
would also mean that the width had the same influence as the depth, which has
not been confirmed.

Linear fracture mechanics on the basis of a stress intensity factor has been
used to examine the size effect on diagonal shear failure and punching shear
failure [ 20]. A comparison with numerous test results showed the square root
relation between load capacity and size, which overestimates the influence of
the size on the capacity. Quite recent research on nonlinear fracture mechanics
explained this discrepancy, and the result is already qualitatively shown in
Fig. 9.

Bazant and Kim [21] analysed the beam under bending and shear. They split up
the shear mechanism into composite beam action and arch action. The former con-
siders concrete strength and longitudinal reinforcement ratio; the latter,
reinforcement ratio and shear span. Both take account of the size of the beam.
To model the influence of the absolute size, eq. (15) is used, which contains

a few coefficients. These are determined from about 300 shear tests. The result
of this study is the following design formula for the nominal shear strength in
a rectangular cross-section

T =8%p (12 /f_c + 3000 vVp/a3) /V {1 + a/ ('ééa;)‘} (17)

where p is the longitudinal steel ratio, f. the cylinder strength in N/mmz,

d the beam depth, d, the maximum aggregate size of the concrete and a = a/d,

a being the shear span for the case of concentrated load and & = 1/4d for that
of uniform load, while 1 is the total span. Eqg. (17) is the lower bound of all
the experimental results with a correlation coefficient V = 0.96 for the mean
value. The authors [21] have compared the formula with the valid ACI and CEB-FIP
design formulas and have clearly shown that eq. (17) shows much less scatter
(v = 0.55 for ACI and Vv = 0.26 for CEB-FIP). Taking account of the size effect
on nominal shear strength is the essential contribution of fracture mechanics
to eq. (17). It expresses a gradual transition from the strength criterion to
an energy criterion for fracture. The latter predominates for beam depthsI’ZSd
Extremely large beams approach the linear fracture mechanics prediction.

Diagonal tension cracking in torsion has been modelled by the energy criterion
[22]. It has been found that the shear strength is inversely proportional to

the square root of the beam depth. This result is suggestive of linear fracture
mechanics. Although experiments agreed well with this relation, it should per-
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haps be supported by nonlinear fracture mechanics before a general application
can be suggested.

The author is not aware of other direct and analytical applications of fracture
mechanics to reinforced concrete structures. As has been shown, these problems

are amenable to analysis by fracture mechanics where tensile failure is predo-

minant and where no reinforcement crosses the crack. With reinforcement present
another ductile and energy consuming element will complicate the situation and

shift the validity of the strength approach to even larger dimensions.

There is another broad field of application of fracture mechanics to concrete
structures, usually complex structures, namely within finite element codes.
They require proper material models, such as a stress-crack-opening curve,

a Gp-value or Ko-values. Great progress has been made in incorporating these
quantities in the programs instead of using strength values only. Results of
calculations show that shear problems can be better tackled with these models
than with strength parameters. However, this paper is not concerned with finite
element analysis. The reader is referred to the relevant literature [7,8,9].

4. FUTURE ACTIVITIES

Fracture mechanics is well established in concrete research, but has not yet
penetrated into design practice in general. Hawkins [23] has clearly stated the
reasons for this state of affairs: "The future role for fracture mechanics in
conventional design will depend largely on whether the regulatory authorities
see a need for fracture mechanics in relation to public safety, or whether they
see fracture mechanics as simply a vehicle for providing a different point of
view on provisions which already incorporate an adequate margin for public
safety". It is agreed that a new theory should not be introduced only because
of its novelty; but if it is superior, then one should at least think about
modifying the old one even if no damage or catastrophes have occurred. It is
always better to have a sound mechanical model than to stick to empirical re-
lations, without a physical background. At the moment it seems wise to con-
centrate on tensile, shear and torsion problems. On the experimental side, the
appropriate material properties should be specified, such as stress crack
opening relation, Ggp-value, K.-value, and the interaction of various loading
modes such as crack opening, shear and tearing mode, especially in regard to
nonlinear fracture mechanics. Also, testing methods have to be developed. On
the theoretical side, procedures have to be developed for using the knowledge
in practical design. A few examples have been given, but there are still open
gquestions as to the quantitative treatment. At least, all cases should be
treated with nonlinear fracture mechanics: for instance, thermal and shrinkage
stresses in conjunction with bending shear and torsion, a field which may be
relevant to bridge structures. Another problem is presented by splitting stres-
ses due to anchorage of prestressing tendons in prestressed floor slabs. Ob-
viously, this problem is bound up with public safety and crack propagation in
unreinforced concrete. Impact problems in unreinforced structures, such as
break water armour units with large dimensions, should be tackled with the aid
of fracture mechanics since a great deal of unexplained damage has occurred in
the last few years.

In conclusion, two main activities are necessary in the future: to use the
knowledge of nonlinear fracture mechanics to establish design charts and formu-
las for situations where the tensile fracture of concrete is essential, and to
proceed with the implementation of fracture mechanics in codes for finite ele-
ment analysis. Both activities will lead to better modelling of concrete and
therefore to clearer and safer design.
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